Unique among the known plant and animal viral suppressors of RNA silencing, the 2b protein interacts directly with both small interfering RNA (siRNA) and ARGONAUTE1 (AGO1) and AGO4 proteins and is targeted to the nucleolus. However, it is largely unknown which regions of the 111-residue 2b protein determine these biochemical properties and how they contribute to its diverse silencing suppressor activities. Here, we identified a functional nucleolar localization signal encoded within the 61-amino acid N-terminal double-stranded RNA (dsRNA) binding domain (dsRBD) that exhibited high affinity for short and long dsRNA. However, physical interaction of 2b with AGOs required an essential 33-residue region C-terminal to the dsRBD and was sufficient to inhibit the in vitro AGO1 Slicer activity independently of its dsRNA binding activities. Furthermore, the direct 2b-AGO interaction was not essential for the 2b suppression of posttranscriptional gene silencing (PTGS) and RNA-directed DNA methylation (RdDM) in vivo. Lastly, we found that the 2b-AGO interactions in vivo also required the nucleolar targeting of 2b and had the potential to redistribute both the 2b and AGO proteins in nucleus. These findings together suggest that 2b may suppress PTGS and RdDM in vivo by binding and sequestering siRNA and the long dsRNA precursor in a process that is facilitated by its interactions with AGOs in the nucleolus.
INTRODUCTION
In RNA silencing, small RNAs (sRNAs) of 21 to 30 nucleotides in length are processed as duplexes from double-stranded RNA (dsRNA) by RNaseIII enzymes called Dicers to trigger RNA degradation, DNA methylation, heterochromatin formation, and protein translation inhibition in diverse eukaryotic organisms (Baulcombe, 2004 (Baulcombe, , 2005 Matzke et al., 2004 Matzke et al., , 2007 Matzke et al., , 2009 Meister and Tuschl, 2004; Matzke and Birchler, 2005; Voinnet, 2005 Voinnet, , 2008 Brodersen et al., 2008; Dunoyer and Voinnet, 2008; Chinnusamy and Zhu, 2009; Heo and Kim, 2009 ). In Arabidopsis thaliana, four Dicer-like proteins (DCLs) produce 21-nucleotide sRNAs, including siRNAs and microRNAs (miRNAs; via DCL4 or DCL1, respectively) and 22-and 24-nucleotide sRNAs (via DCL2 or DCL3, respectively) (Bartel, 2004; Dunoyer et al., 2005; Gasciolli et al., 2005; Xie et al., 2005; Brodersen and Voinnet, 2006) . In the cytoplasm of plant cells, one selected sRNA strand is loaded onto one of 10 ARGONAUTE proteins (e.g., AGO1 or AGO7), forming an effector complex called an RNA-induced silencing complex (RISC) that targets transcripts for posttranscriptional gene silencing (PTGS), which is achieved specifically through RNA-RNA sequence recognition and base pairing (Vazquez et al., 2004; Allen et al., 2005; Yoshikawa et al., 2005; Vaucheret, 2008) . AGO proteins are often named Slicer proteins because they cleave target transcripts at the duplex formed with the guide sRNA (Tolia and Joshua-Tor, 2007) . In a plant nucleus, 24-nucleotide siRNAs, generated in a pathway involving a plantspecific DNA-directed RNA polymerase (Pol IV), RDR2 and DCL3 Kanno et al., 2005; Matzke and Birchler, 2005; Zhang et al., 2007; Melnyk et al., 2011a) are loaded onto AGO4-or AGO6-containing effector complexes. These complexes are then recruited to target genomic regions, by RNA-RNA base pairing with Pol V-dependent transcripts from the target loci (Wierzbicki et al., 2009 ) to direct transcriptional silencing (TGS) and the de novo methylation of target genomic sequences, a pro cess called RNA-directed DNA methylation (RdDM) Zheng et al., 2007; Matzke et al., 2009; Gao et al., 2010) . RdDM induces the de novo methylation of cytosines in all sequence contexts (i.e., CpG, CpHpG, and CpHpH, where H is A, T, or G) at the region of siRNA-DNA sequence complementarity (Matzke et al., 2009) .
In addition to regulating development, RNA silencing also functions as an antiviral mechanism in plants and invertebrates (Ding, 2010) . Genetic studies have shown that multiple DCLs, RNA-dependent RNA polymerases (RDRs), and AGOs direct the antiviral defense in Arabidopsis. To invade their host effectively, viruses have evolved a vast array of proteins called viral suppressors of RNA silencing (VSR), which target different stages of the silencing process (Li and Ding, 2006; Ding and Voinnet, 2007; Diaz-Pendó n and Ding, 2008; Burgyan and Havelda, 2011) . Some VSRs, such as the tombusviral P19, act by binding and sequestering duplex siRNA to inhibit RISC assembly and cell-to-cell movement of RNA silencing (Chapman et al., 2004; Lakatos et al., 2006; Dunoyer et al., 2010) , whereas others inhibit RNA silencing through interacting with the protein components of the RNA silencing machinery (Wu et al., 2010; Burgyan and Havelda, 2011) .
The 2b protein encoded by Cucumber mosaic virus (CMV) was one of the first two VSRs reported in 1998 (Anandalakshmi et al., 1998; Bé clin et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998; Xin et al., 1998) . The 2b protein is unique among the known plant and animal VSRs because it directly interacts with both the RNA and protein components of the RNA silencing machinery (Zhang et al., 2006; Goto et al., 2007; Gonzá lez et al., 2010; Hamera et al., 2012) . The interaction of CMV 2b with AGO1 and AGO4 from Arabidopsis has been demonstrated in vitro by glutathione S-transferase (GST) pulldown experiments and in vivo by coimmunoprecipitation and bimolecular fluorescence complementation assays, which is consistent with the observed activity of CMV 2b to suppress the in vitro slicer activity of AGO1 and AGO4 (Zhang et al., 2006; Gonzá lez et al., 2010; Hamera et al., 2012) . CMV 2b and 2b of Tomato aspermy virus (TAV), which is from the same Cucumovirus genus as CMV, also bind to duplex siRNA in vitro (Goto et al., 2007; Gonzá lez et al., 2010; Hamera et al., 2012) . The crystal structure for the N-terminal 69 amino acids of TAV 2b, which is highly conserved in sequence among cucumoviral 2b proteins (Ding et al., 1994) , reveals a novel dsRNA binding domain folded into two long a-helices connected by a short linker (Goto et al., 2007; Chen et al., 2008) . TAV 2b forms a dimer as indicated previously by immunoblot analysis of TAV 2b in infected plants (Shi et al., 1997) and has a mechanism similar to that of P19 to measure the length of the siRNA duplex by a pair of hook-like structures that depend on a Trp residue (Trp-50) from the C-terminal a-helix, which, however, is not conserved in other cucumoviral 2b proteins (Ding et al., 1994; Chen et al., 2008) .
The 2b protein of CMV is active in vivo to suppress the RDR6-dependent RNA silencing that targets both infecting CMV and transgenes either in stable transgenic plants or delivered transiently by Agrobacterium tumefaciens coinfiltration in Nicotiana benthamiana (Diaz-Pendon et al., 2007; Zhang et al., 2008; Wang et al., 2011) . Intriguingly, although the positive-strand RNA genome of CMV replicates exclusively in the cytoplasm, 2b is predominantly localized to the nucleus by single or double nuclear localization signals (NLSs) in subgroup II and I strains of CMV, respectively (Lucy et al., 2000; Wang et al., 2004) . A recent study further demonstrated nucleolar localization of the 2b protein of Fny-CMV, a subgroup I isolate (Gonzá lez et al., 2010) . It is also known that 2b suppression of transgene RNA silencing is associated with significantly reduced cytosine methylation of the transgene DNA and defective intercellular spread of transgene silencing (Lucy et al., 2000; Guo and Ding, 2002; Wang et al., 2004) . However, it is largely unknown which regions of the 111-residue 2b protein of CMV determine these distinct biochemical properties and how each of them contributes to the diverse silencing suppressor activities of the 2b protein. We report in this study a detailed characterization of the 2b protein encoded by the severe Shan-Dong (SD) isolate from CMV subgroup I in terms of subcellular localization, RNA binding, AGO interactions, and suppression of PTGS and RdDM. Our analysis uncouples the domain requirements for dsRNA binding and nucleolar targeting from the physical interactions with AGO1, AGO4, and AGO6. Moreover, we report the identification of a nucleolar localization signal (NoLS) encoded within the dsRNA binding domain of SD2b. Interestingly, we found that the direct in vivo interactions of the SD2b protein with AGO1, AGO4, and AGO6 also require a functional NoLS and have the potential to redistribute both SD2b and AGO proteins in the nucleus.
RESULTS

Identification of a NoLS Encoded by the CMV 2b Protein
Previous studies have shown that the 2b protein encoded by CMV, which replicates in the cytoplasm, is localized to the nucleus and nucleolus (Lucy et al., 2000; Wang et al., 2004) . The single and double NLSs contained in subgroup II and I CMV 2b proteins, respectively, have been characterized ( Figure 1A ). However, it is not clear if the CMV 2b protein contains a region that is necessary and sufficient for nucleolar localization. We examined the subcellular localization of SD2b fused at its C terminus with enhanced green fluorescent protein (EGFP) transiently expressed in Arabidopsis via bombardment. The green fluorescence of free EGFP from the control EGFP construct was observed in both the cytoplasm and nucleus but was excluded from the nucleolus, as could be observed in a close-up view ( Figure 1B) . We found that SD2b-EGFP was mainly detected in the nucleus with dense fluorescence in nucleoli, although some weak signal was found in nucleus-associated bodies ( Figure 1B) . Agrobacterium-mediated transient coexpression of SD2b-EGFP with fibrillarin, a marker of nucleolus (Kim et al., 2007) , fused to red fluorescent protein in N. benthamiana epidermal cells confirmed that SD2b localized in the nucleoli ( Figure  1C ). Thus, SD2b is also localized in the nucleolus, as found for the 2b protein of the Fny strain of CMV (Gonzá lez et al., 2010) , which shares 89% identity with SD2b.
We generated Ala substitution mutants in either or both of the predicted NLSs of SD2b, 22 KKQRRR 27 and 33 RRER 36 , yielding 2bN1m-EGFP, 2bN2m-EGFP, and 2bN1,2m-EGFP ( Figure 1A ). As expected from previous studies (Lucy et al., 2000; Wang et al., 2004) , presence of either NLS allowed the accumulation of the fusion protein in the nucleus and removal of both NLSs in 2bN1,2m-EGFP or deleting the N-terminal 38 amino acids of SD2b that contains both NLSs in 2b(38-111)-EGFP led to the cytoplasmic localization of the resulting 2b fusion protein ( Figure  1C ). In contrast with SD2b-EGFP, however, the intense green fluorescence in the nucleolus was not observed in cells expressing either 2bN1m-EGFP or 2bN2m-EGFP ( Figure 1C) . Notably, 2bN1m-EGFP was specifically excluded from the nucleolus unlike 2bN2m-EGFP, which exhibited a uniform distribution throughout the nucleus ( Figure 1C ). Consistent with an earlier study (Gonzá lez et al., 2010) , these observations indicate that the 2 of 16
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Several motifs composed mostly of Arg or Lys residues have been identified as both necessary and sufficient to target a protein to the nucleolus (Emmott and Hiscox, 2009 ). We noted that both NLSs of SD2b contain an (R/K)(R/K)X(R/K) motif that is conserved in CMV 2b proteins ( Figure 1A ) and appears twice in several characterized NoLSs (Horke et al., 2004) . To determine if the N-terminal region of the 2b protein encodes an NoLS, we generated Agrobacterium infiltration constructs that coded for EGFP fused with amino acids 1 to 61, 1 to 37, 13 to 111, or 13 to 37 of SD2b ( Figure 1A ). We demonstrated strong nucleolar targeting for all of the 2b-GFP fusion proteins ( Figure 1C) , indicating that the region of SD2b from amino acid 13 to 37 is sufficient to direct the nucleolar targeting of the fusion proteins. Therefore, our findings together define the 13 to 37 region of SD2b as a functional NoLS.
The NoLS of the 2b Protein Is Part of the dsRNA Binding Domain
We next characterized the RNA binding activities of SD2b using electrophoretic mobility shift assays (EMSAs). To this end, SD2b, 2bN1m, 2bN2m, and 2bN1,2m as well as a panel of eight N-or Cterminal deletion mutants of SD2b ( Figure 1A ) were expressed and purified as GST fusion proteins (see Supplemental Figure 1A online). GST and GST-tagged P19, a tombusviral suppressor of RNA silencing (Silhavy et al., 2002) , were used as controls. Similar to P19, SD2b did not bind to single-stranded RNA of 21, 24, or 55 nucleotides in length (Figures 2A and 2F ; see Supplemental Figure 1D and Supplemental Table 1 online). GST-P19 efficiently bound the 21-bp but not 24-bp siRNA duplex, consistent with previous reports (Silhavy et al., 2002; Baulcombe and Molná r, 2004) . We found that SD2b exhibited high affinity for 21-and 24-nucleotide siRNA duplexes (Figure 2A ; see Supplemental Figure 1B online). Reciprocal-competing binding experiments further indicated that SD2b possesses a similar binding affinity for 21-and 24-nucleotide siRNA duplexes (see Supplemental Figure 1C online). By contrast, none of the NLS mutants was active in binding to either siRNA (see Supplemental Figure 1E online). These results are consistent with previous observations that 2b proteins encoded by two cucumoviruses, including a subgroup I strain of CMV, bind to duplexed siRNA in vitro (Goto et al., 2007; Chen et al., 2008) .
We found that SD2b also exhibited high affinities for 55-nucleotide-long dsRNA ( Figure 2E ) and for imperfect sRNA duplexes formed between miRNA and miRNA* ( Figure 2B ). We next determined the domain requirements for dsRNA binding by characterizing the three NLS mutants and the eight truncation mutants of SD2b in EMSA ( Figures 2C and 2E) . Alignment of the SD2b sequence to the crystal structure of the siRNA binding domain of TAV 2b (Chen et al., 2008) indicates that amino acids 8 to 36 and 41 to 58 of SD2b encode the a1 and a2 helices, respectively. We found that 2b(1-61) retained the ability to bind 21-and 24-nucleotide siRNA duplexes as well as 55-nucleotide dsRNA ( Figures 2C and 2E) , which is consistent with the prediction that 2b(1-61) contains the complete a1-linker-a2 structure involved in dsRNA binding. 2b(13-111) exhibited weak affinity for 21-nucleotide siRNA but showed no detectable affinity for either 24-nucleotide siRNA or 55-nucleotide dsRNA ( Figures 2D and  2E) . Moreover, deletion of 37 amino acids or longer from the N terminus abolished all of the dsRNA binding activities as did Ala substitutions in either or both of the NLS sequences between amino acids 13 and 37 ( Figures 2C to 2E ). These results indicate that deletions or mutations in the N-terminal a1 helix were deleterious to the dsRNA binding activity of the SD2b protein. Notably, although 2b(1-37) showed no detectable affinity for 21-nucleotide siRNA duplex (19-nucleotide dsRNA with 2-nucleotide 39 overhangs), it was almost as active as 2b (1-61) in binding to 24-nucleotide siRNA duplex (22-nucleotide dsRNA with 2-nucleotide overhangs) and 55-nucleotide dsRNA ( Figures 2C and 2E ). Thus, it appeared that the region of SD2b encoding the short linker and the a2 helix was dispensable and the N-terminal a1 helix was sufficient for binding dsRNA of 24 and 55 nucleotides. As summarized in Figure 3 , these results together indicate that the N-terminal half of SD2b contains overlapping domains required for nucleolar targeting and dsRNA binding. Since both 2b(1-37) and 2b(13-111) contained an intact NoLS, but exhibited defects in dsRNA binding, our results indicate that the NoLS is only part of a larger structural domain of SD2b required for binding to short and long dsRNA.
AGO Binding Requires a Domain of the 2b Protein Independent of Its dsRNA Binding
To detect the direct interaction between SD2b and AGOs, we generated epitope-tagged AGO1-and AGO4-expressing transgenic plants by transforming 35S-6myc-AGO1 and 35S-6myc-AGO4 plasmids into ago1-27 and ago4-2 mutants of (A) Alignment of 2b protein sequences from different subgroups of CMV and schematic of SD2b deletion mutants. The two NLS sequences, putative phosphorylation sites, and subgroup I-specific Motif III are highlighted in blue, green, and orange, respectively, and other conserved regions are highlighted in black. Two Arg-rich putative NLSs (blue letters) of the SD2b coding sequence were substituted with Ala residues (red letters) as previously reported (Lucy et al., 2000) and are also shown. . Purified, GST-tagged SD2b and its mutant fusion proteins were incubated with total protein extracts from 6myc-AGO1 or 6myc-AGO4 transgenic plants. Anti-a-myc antibody was then used to detect AGO proteins in the GST pulled-down products. We found that 2b(38-111), 2b(13-111), and 2b(1-94) displayed a binding affinity to both AGO1 and AGO4 similar to wild-type SD2b, whereas 2b(1-37), 2b(1-61), 2b(62-111), and other larger deletion mutants were all defective in direct interaction with AGOs ( Figure 4A ). Thus, the region of the SD2b encompassing residues 38 to 94 was essential for direct interaction of SD2b with AGOs, which, however, required neither the N-terminal a1 helix that was essential for dsRNA binding and included the NoLS nor the C-terminal 16 amino acids of SD2b that was relatively conserved among cucumoviral 2b proteins. As summarized in Figure 3 , our findings together show that binding of the SD2b protein to AGOs requires a domain possibly between amino acids 38 and 94 and is independent of either dsRNA binding or nucleolar targeting.
In agreement with the above conclusion, mutating either or both of the NLSs of SD2b did not interfere with binding to either AGO1 or AGO4 in another assay using anti-GST antibody to pull down 6myc-AGO1 or 6myc-AGO4 ( Figure 4B ). Previous bimolecular fluorescence complementation experiments also suggested that NLS mutants of Fny-CMV 2b protein remain competent for interaction with AGO4 (Gonzá lez et al., 2010) . Direct interaction of SD2b and AGO4 and AGO6 via the PAZ and PIWI domains conserved in all 10 Arabidopsis AGOs was confirmed by an in vitro assay (see Supplemental Figure 3 online), similar to the interaction with AGO1 reported previously (Zhang et al., 2006) . This explains why SD2b physically interacted with each of the three AGOs examined.
In Vitro Suppression of AGO1 Slicing Activity by the 2b Protein Requires Physical Interaction with AGOs but Is Independent of dsRNA Binding and Nucleolar Targeting
An in vitro reconstitution of the Arabidopsis AGO1-RISC described previously (Baumberger and Baulcombe, 2005; Zhang et al., 2006) was used to examine the slicing suppression activity of SD2b and its mutants. As expected, the cap-labeled PHAVO-LUTA (PHV) RNA transcript, a target of miR165, was cleaved efficiently by the AGO1 complex immunoprecipitated from the total protein extracts of inflorescences from Flag-AGO1/ago1-36 plants by anti-a-FLAG M2 agarose beads but not by similar immunoprecipitated extracts from wild-type plants ( Figure 5A , lanes 1 and 2). Figure 5B shows the presence of the endogenous miR165 and Flag-AGO1 in the complex coimmunoprecipitated from Flag-AGO1/ago1-36 plants. Prior incubation of GST-tagged SD2b with the AGO1 complex inhibited the miR165-guided cleavages of PHV RNA, leading to a markedly reduced production of the 59-cleavage product ( Figure 5A , lane 7). Four of the nine SD2b mutants examined, including 2b(13-111), 2b(38-111), 2b(1-94), and 2bN1,2m, were found to be potent suppressors of the in vitro slicing activity of AGO1 ( Figure 5A ). As summarized in Figure 3 , all of the SD2b mutants capable of suppressing in vitro slicing retained the AGO1 binding activity. However, those suppressor-competent mutants included 2b(38-111) and 2bN1,2m, which were inactive in both dsRNA binding and nucleolar targeting ( Figure 1C ), as well as 2b(13-111), which retained only a weak binding affinity for 21-nucleotide siRNAs.
These results indicate that the inhibition of AGO1 Slicer function by SD2b depends on the ability of SD2b to bind AGOs but is independent of its ability to bind to dsRNA or be targeted to the nucleolus.
In Vivo Suppression of RNA Silencing by the 2b Protein Depends on dsRNA Binding but Is Independent of AGO Binding
For the detection of the silencing suppression activity in vivo, we used an Agrobacterium coinfiltration assay in wild-type N. benthamiana leaves (Johansen and Carrington, 2001) . RNA silencing against the infiltrated GFP transgene, which was RDR6 dependent, was observed at 4 d postagroinfiltration (DPA) in the infiltrated leaves when the 35S-GFP construct was coinfiltrated with the control (empty) binary plasmid ( Figure 6 ). However, GFP silencing was suppressed when the binary plasmid encoding either SD2b or P19 was coinfiltrated ( Figure 6A ). We found that 2b(1-61) and 2b(1-94) were as active as SD2b in the coinfiltration assay and that 2b(13-111) retained partial suppressor activity ( Figure 6A ). However, the remaining nine mutants of SD2b failed to suppress GFP silencing as indicated by the lack of green fluorescence and accumulation of GFP protein and mRNAs in the coinfiltrated leaves (Figures 6A and 6B) . We noted that all of the SD2b mutants defective in the suppression of GFP silencing were also expressed at low levels in the coinfiltrated leaves, as indicated by detection of SD2b mRNA and/or SD2b protein ( Figure 6B ). Thus, coinfiltration induced silencing against both the GFP and SD2b transgenes, which also inhibited the expression of those mutant SD2b transgenes that lost the silencing suppression activity. Consistent with this, coinfiltration with the tombusviral suppressor P19 Muts, mutants; nd, no detection; No, nucleolus; Nu, nucleoplasm; +, positive activity; -, negative activity.
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The Plant Cell restored the accumulation of most of the mutant SD2b mRNAs and of 2bN1m, 2bN2m, and 2bN1,2m proteins, which were among these mutant SD2b proteins detectable in immunoblots by the SD2b polyclonal antibodies (see Supplemental Figure 4 online). These results indicate that the SD2b mutant proteins were stable and lacked the silencing suppression activity to inhibit silencing targeting the coinfiltrated GFP and mutant SD2b transgenes.
As described above, 2b(1-61) retained the activity to bind long and short siRNAs and to be targeted to the nucleolus but lost the activity to bind AGOs or to suppress the in vitro slicer activity of AGO1. The N-terminal 69 amino acids of the TAV 2b protein that are folded into a dsRNA binding structure are also as effective as the wild-type TAV 2b in PTGS suppression (Chen et al., 2008) . By contrast, 2b(13-111), which was partially active in the coinfiltration assay, exhibited no defect in binding to AGOs, suppressing the Slicer activity of AGO1 or localizing to the nucleolus compared with wild-type SD2b, but displayed weak 21-nucleotide siRNA binding activity and lost the ability to bind 24-nucleotide siRNA and long dsRNA (Figure 3) . These results together strongly indicate that in vivo suppression of PTGS by the CMV 2b protein depends on its activity in dsRNA binding, in particular its ability to bind 21-nucleotide siRNA, and nucleolus targeting is insufficient.
However, the activities of the SD2b protein either to bind AGO or to suppress the slicer activity of AGO1 appear dispensable for its silencing suppression in vivo.
Suppression of DNA Methylation by the 2b Protein Does Not Require Physical Interactions with AGOs
The in vivo nuclear localization and direct interactions with AGO of the SD2b protein suggest that SD2b may interfere with the RdDM in plants. To address this issue, coimmunoprecipitation experiments were performed in 6myc-tag transgenic Arabidopsis lines using anti-myc antibody. SD2b expressed from either the 6myc-SD2b transgene (see Supplemental Figure 5 online) or CMV infection was confirmed to interact with both AGO4 and AGO6 in vivo (see Supplemental Figure 6 online). DNA methylation of the well-characterized host endogenous genes at the MEA-ISR and SN1 loci (Zilberman et al., 2003) was examined in the 6myc-SD2b transgenic Arabidopsis plants by bisulfite genomic sequencing. As summarized in Figure 7A , the sequencing results revealed a similarly reduced non-CpG methylation at the MEA-ISR locus in two 6myc-SD2b lines (2b-4 and 2b-8) without affecting CpG symmetric methylation compared with that in control Col-0 ( Figure 7A ; see Supplemental Figure 7A online). At the SN1 locus, only CpHpH asymmetric methylation was affected in both lines ( Figure 7B ). Quantitative RT-PCR confirmed that reduction of SN1 DNA methylation increased its transcript expression in line 2b-8 ( Figure 7D ). DNA gel blots also showed hypomethylation only on CpHpH sites, but not CpG and CpHpG Detection of AGO1 and AGO4 binding activities of deletion mutant (A) and SD2b NLS mutant proteins (B) by pull-down assay. Purified GSTtagged SD2b, NLS mutants, and deletion mutants (indicated on top of gels) incubated with total protein extracts from inflorescences of 6myc-AGO1 and 6myc-AGO4 transgenic Arabidopsis were pulled down using Glutathione Sepharose 4B beads (A) or anti-a -myc agarose beads (B). The pulled-down proteins were detected by immunoblot using antia-myc antibody (A) or anti-GST antibody (B). Incubation with GST protein (G) or buffer (-) serve as negative controls. abs, antibody. Input designates total protein extracts for immunoblot control. Taken together, reduction of CpHpH asymmetric methylation of endogenous genes was a common feature found in the two SD2b transgenic lines at the tested loci, which was in agreement with a recent report (Hamera et al., 2012) . Similar reduction of methylation at the MEA-ISR locus was observed in transgenic plants expressing SD2b(1-61) but not in those expressing either SD2bN1,2m or SD2b(38-111) ( Figure 7C ; see Supplemental Figures 5A and 7B online). SD2b(1-61) plants also displayed mild developmental defects reminiscent of those visible in transgenic plants expressing SD2b (see Supplemental Figure 5A online). Since SD2b(1-61) lost the activity to directly interact with AGOs in vitro and in vivo, our results indicate that suppression of DNA methylation by the SD2b protein also requires the dsRNA binding domain but not the physical interaction with AGO proteins. In AGO-deficient mutant plants (ago4-1, ago4-2, and ago6-2), stronger reduction of CpHpH asymmetric methylation of the MEA-ISR, SN1, and 5S rDNA was observed in the parallel analysis (Figure 7 ; see Supplemental Figures 7A and 8 online), consistent with a previous report (Zilberman, 2008) . (B) RNA and protein gel blots analysis with samples extracted from infiltrated leaves at 4 DPA. 32 P-labeled GFP and SD2b DNA probes were used. Anti-GFP monoclonal antibody and anti-SD2b polyclonal antibody were used to detect the accumulation of GFP and SD2b proteins in infiltrated leaves, respectively. Methylene blue-stained rRNA and Coomassie blue-stained protein are shown as mRNA and total protein loading controls.
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AGO-2b Interactions Have the Potential to Redistribute Both Proteins in the Nucleus
We next investigated if the direct interaction of the SD2b protein with AGOs had any biological implication in the host cell. Expression of RFP-AGO1 alone was distributed uniformly in the nucleus and in the cytoplasm ( Figure 8B , columns 1 and 2) unlike SD2b-EGFP, which was mainly found in the nucleoli. However, coexpression of SD2b-EGFP and RFP-AGO1 resulted in their colocalization in the nucleus but absence from the nucleolus ( Figure 8A , column 2). Redistribution of SD2b-EGFP in the nucleus out of the nucleolus was not observed when SD2b-EGFP was coexpressed with RFP ( Figure 8A , column 1). Redistribution of SD2b-EGFP in the nucleus was also detected when SD2b-EGFP was coexpressed with RFP-AGO4 ( Figure 8A , column 3) or with RFP-AGO6 ( Figure 8A , column 4). We noted that the distribution patterns of AGO1, AGO4, and AGO6 were also altered when they were coexpressed with SD2b-EGFP (Figure 8 ). We observed similar nuclear colocalization and redistribution of SD2b and AGO proteins when RFP-AGO1 or RFP-AGO4 was coexpressed with 2b(13-111)-EGFP ( Figure 8C, column 3) , which physically interacted with AGOs and contained an intact NoLS but was defective in dsRNA binding. However, neither colocalization nor redistribution of SD2b and AGO proteins was detected when either RFP-AGO1 or RFP-AGO4 was coexpressed with 2b
(1-37)-EGFP, 2b(1-61)-EGFP, or 2bN1m-EGFP ( Figure 8C , columns 1, 2, and 5). None of these three 2b mutants physically interacted with AGOs, although 2bN1m-EGFP targeted to the nucleus ( Figure 1C ) and 2b(1-37)-EGFP and 2b(1-61)-EGFP contained an intact NoLS. We rarely observed nuclear colocalization of RFP-AGO1 or RFP-AGO4 with 2b(38-111)-EGFP, which physically interacted with AGOs but did not encode a NoLS. In the few cells where 2b(38-111)-EGFP and RFP-AGO proteins seemed to colocalize in the nuclear area, a close-up view demonstrated that the 2b(38-111)-EGFP was localized in the cytoplasm surrounding the nucleus but absent in the nucleus ( Figure 8C , column 4). These findings indicate that in addition to nucleolar targeting, the activity of the SD2b protein to physically interact with AGOs is essential for the nuclear colocalization and redistribution of SD2b and AGO proteins.
DISCUSSION
In spite of being a small protein, 2b of CMV exhibits complex biochemical and subcellular targeting activities. These include binding to AGO1/AGO4 and short/long dsRNA and targeting to the nucleus and nucleolus. CMV 2b also has diverse silencing suppressor activities, including suppression of transgene-induced RNA silencing and DNA methylation, intercellular spread of RNA silencing, Slicer activity of AGO1 and AGO4, and host RDR6-dependent antiviral silencing. However, it is not clear what domains of 2b determine these activities and how each of these activities contributes to the in vivo silencing suppression. In this study, we defined the domain requirements for these biochemical activities of the SD-CMV 2b protein. Subsequent characterization of SD2b mutants defective in one or more of the biochemical activities in the suppression of AGO1 Slicer activity and transgeneinduced RNA silencing and DNA methylation provides insights into the mechanism of the CMV 2b protein.
We found that the N-terminal half of the 2b protein encodes overlapping domains involved in binding to short and long dsRNA and in targeting to the nucleolus. We demonstrated high affinity binding of the SD2b protein to long dsRNA in addition to 21-to 24-nucleotide siRNA duplexes reported previously for the 2b proteins of CMV and TAV (Goto et al., 2007; Chen et al., 2008) . The random selection of siRNA duplexes may explain why the 2b protein of Fny-CMV was active in siRNA binding in one study (Hamera et al., 2012) but inactive in another (Zhang et al., 2006) . Characterization of 11 mutants of the SD2b protein in this work (Figure 3 ) revealed differential domain requirements for binding to 21-nucleotide siRNA duplex and to 24-nucleotide siRNA duplex/long dsRNA. Although the N-terminal 61 amino acids encoding the putative a1-short linker-a2 dsRNA binding domain were required for binding to 21-nucleotide siRNA duplex, only the N-terminal a1 helix of SD2b appeared to be essential for binding to 24-nucleotide siRNA duplex and long dsRNA. However, only the region encompassing amino acids 13 to 37 of the SD2b protein is both necessary and sufficient for nucleolar targeting. The NoLS of the SD2b protein first defined for a VSR shares a consensus sequence with other viral and cellular nucleolus-targeting proteins (Boyne and Whitehouse, 2006; Rajamä ki and Valkonen, 2009 ) and includes the two closely spaced NLSs characterized in previous studies (Lucy et al., 2000; Wang et al., 2004) . By contrast, deleting the entire N-terminal 37 amino acids or mutating either NLS or both within this region did not prevent the direct interaction of SD2b with either AGO1 or AGO4. These findings together demonstrate distinct domain requirements of the CMV 2b protein for dsRNA binding and physical interaction with AGO1/AGO4.
We detected active suppression of the in vitro slicing activity of AGO1 by all of the SD2b mutants that retained the ability to physically interact with AGO1/AGO4, including those mutants that are defective both in binding to dsRNA and targeting to the nucleolus: 2bN1,2m and 2b(38-111). These findings show that direct interaction with AGO1 is sufficient for 2b suppression of the in vitro AGO1 Slicer activity (Zhang et al., 2006) . However, active suppression of cytoplasmic RDR6-dependent PTGS in coinfiltration assays was observed for 2b(1-61), which contained the complete dsRNA binding domain and retained the activities for binding long dsRNA and 21-and 24-nucleotide duplex siRNAs but lost the ability either to interact with AGOs or to suppress the AGO1 Slicer activity in vitro. Efficient suppression of RNA silencing in the same in vivo assay has also been reported for TAV 2b(1-69) (Chen et al., 2008) . Notably, all except one of the SD2b mutants that remained active suppressors of the AGO1 Slicer activity in vitro were inactive in the coinfiltration assay (Figure 3) . The exception was 2b(13-111), which exhibited a weak suppressor activity in the coinfiltration assay and was the only one among the AGO binding mutants that retained a weak activity to bind 21-nucleotide siRNA duplex. These results together indicate that the activity of the SD2b protein in dsRNA binding is essential, but the direct interaction with AGOs or its suppression of the AGO1 Slicer activity in vitro are dispensable, for the in vivo suppression of PTGS by the SD2b protein. The essential role of the NLS sequence as part of the dsRNA binding domain for in vivo silencing suppression explains why rescue of the nuclear targeting defect of a 2b NLS substitution mutant by adding a heterologous NLS at the C terminus failed to restore the silencing suppression activity (Lucy et al., 2000) . Based on these findings, we propose that CMV 2b may act by binding and sequestering siRNA and its precursor long dsRNA during de novo dsRNA synthesis by the RDR6-dependent pathway. This model is consistent with the previous observations that CMV 2b inhibits both the RDR6-dependent amplification of viral siRNAs and the intercellular spread of transgene RNA silencing, which is now known to be mediated by the movement of siRNAs that are amplified by the RDR6 pathway (Dunoyer et al., 2005 (Dunoyer et al., , 2010 Molnar et al., 2010; Melnyk et al., 2011b) .
Similar to previous observations (Guo and Ding, 2002; Hamera et al., 2012) , we found that stable expression of SD2b in transgenic Arabidopsis plants was correlated with reduction of DNA methylation at the MEA-ISR locus. Expression of 2b(1-61) was also effective, whereas no significant changes in DNA methylation at the MEA-ISR locus was observed in transgenic plants expressing either 2bN1,2m or 2b(38-111), both of which retained the ability to interact physically with AGOs and to suppress the AGO1 Slicer activity in vitro (Figures 3 and 7) . These findings further indicate that suppression of DNA methylation by the CMV 2b protein requires the dsRNA binding activity but is independent of its ability to interact directly with AGOs. This suggests a similar role for the binding and sequestering siRNA and its precursor long dsRNA in the SD2b suppression of RdDM in the nucleus, which is supported in part by a recent observation that expression of CMV 2b was associated with the enrichment and retention of the labeled synthetic siRNA in the nucleus (Kanazawa et al., 2011) . However, 2b expressed from a CMV-based vector carrying a host gene promoter sequence actually facilitated virus-induced TGS and DNA methylation (Kanazawa et al., 2011) , similar in principle to PTGS of host genes targeted by potato virus X and geminiviral vectors, all of which express their own VSR to ensure a robust systemic viral infection (Lu et al., 2004; CarrilloTripp et al., 2006; Pandey et al., 2009; Zhang et al., 2011) . Thus, VSRs inhibit antiviral silencing but become ineffective against silencing of a nuclear gene by the same pool of viral siRNAs, consistent with the idea that a replicating virus is much more difficult to silence and easier to suppress than a nuclear gene transcribed at a steady rate.
It is currently unknown how the 2b suppression of RdDM in the nucleus may contribute to the infection of a cytoplasmic virus whose replication involves only RNA. The physical interaction of SD2b with AGOs nonessential for its in vivo suppression activities requires the region encompassing residues 62 to 94. Although this region is highly variable in sequence, it is present among all of the cucumoviral 2b proteins (Ding et al., 1994) , suggesting a possible in vivo function for CMV infection. We found in this study that the in vivo AGO-SD2b interaction depends also on the nucleolar targeting of the SD2b protein and has potential to redistribute both SD2b and AGOs in the nucleus by an unknown mechanism. In plants, production of heterochromatic siRNA, which is involved in TGS, is thought to occur in a region of the nucleolus or in nucleolus-associated body (D-body) due to the localization of protein components of the machinery and of siRNAs (Pontes and Pikaard, 2008) . Moreover, cell-to-cell spread of RNA silencing and perception of the systemic silencing signal in plants requires the nuclear silencing pathway and the onset of systemic silencing was delayed in ago4-null mutant scions (Brosnan et al., 2007; Dunoyer et al., 2007; Smith et al., 2007) . Thus, we propose that nucleolar targeting of SD2b and its physical interaction with AGO4 and AGO6 may enhance the activity of CMV SD2b in the suppression of the nuclear RdDM and the short-and long-distance spread of RNA silencing. However, we cannot rule out a possibility that physical interaction between the SD2b and AGO proteins and redistribution of the SD2b-AGO proteins may represent a plant defense response to counteract suppression of silencing induced by the nucleolar targeting of SD2b. Further investigation of the contribution to differences in CMV infectivity with different C-terminal deletion mutants of SD2b will be helpful to address this issue.
METHODS
Plant Material and Growth Conditions
The transgenic Arabidopsis thaliana was described previously (Morel et al., 2002; Baumberger Domain Requirements in 2b VSR Functions 11 of 16 and Baulcombe, 2005; Agorio and Vera, 2007) . All transgenic plants and wild-type Col ecotype Arabidopsis were grown in glass house at 238C and 16-h-light/8-h-dark cycles. Nicotiana benthamiana was grown in a glass house at 258C and 16-h-light/8-h-dark cycles. Construction of all plasmids, including: 35S-6myc-SD2b, 35S-6myc-AGO4, 35S-6myc-AGO6, 35S-6myc-AGO1, GST-P19, GST-tagged SD2b and its NLS and deletion mutant fusion protein constructs, SD2b and its NLS and deletion mutant EGFP fusion protein constructs, RFP-AGO1, RFP-AGO4, and His-tagged truncated peptide of AGO proteins constructs, as well as RFP-NbFib2, is described in Supplemental Methods 1.
Plant Transformation
All constructs for plant transformation were transformed into the Agrobacterium strain EHA105, and Arabidopsis transformations were performed using a standard floral dip method (Clough and Bent, 1998) . 35S-6myc-SD2b, 35S-SD2b(1-61), , and 35S-SD2bN1,2m were transformed into Col-0 ecotype, and positive transformants were screened by Basta and hygromycin resistance. 35S-6myc-AGO1, 35S-6myc-AGO4, and 35S-6myc-AGO6 were transformed into ago1-27, ago4-2, and ago6-2 and positive transformants were screened on Murashige and Skoog medium containing 20 mg/L hygromycin and confirmed by immunoblots.
RNA Extraction and RNA Gel Blot Analysis
Plant total RNA used for RNA gel blot was extracted by the hot-phenol method as described (Ferná ndez et al., 1997) . For detection of GFP, SD2b, and TAS1C, DNA fragments were amplified by PCR with respective primers (see Supplemental Table 2 online) and labeled with [a-32 P] dCTP using the Rediprime II system (GE Healthcare). For sRNA gel blots, total RNA was extracted using Trizol reagent (Invitrogen), and sRNA was obtained via lithium chloride and ethanol precipitation from total RNA. For detection of siRNAs, 30 mg sRNA was separated on 17% polyacrylamide-8 M urea gels. The probes (see Supplemental Table 2 online) were labeled with [g-32 P]ATP using polynucleotide kinase (NEB). Signal intensity was quantified using ImageQuant TL software (GE Healthcare).
EMSAs
Synthesized RNA oligos (see Supplemental Table 1 online) were radiolabeled in 50 pmol quantities with 0.3 mM [g-32 P]ATP and 20 units of T4 PNK (NEB). Annealing was performed by heating equimolar complementary single-stranded (ss) oligo mixtures in 10 mM Tris/HCl, pH 7.5, and 100 mM KCl at 998C for 5 min followed by cooling to room temperature. Binding reactions were performed with 1 ng of radiolabeled ss/ds siRNA and 1 nmol of protein in binding buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 300 mM NaCl, 0.1% Nonidet P-40, and cocktail). After 40 min at room temperature, 1 mL 50% glycerol and dye were added and protein-RNA complexes were resolved on 6% native polyacrylamide gel. The gels were then dried and exposed to a storage phosphor screen (GE Healthcare). For competition experiments, complexes of the protein-labeled ds siRNA were first formed. Synthesized ss oligos were 59 phosphorylated and annealed as described above to form competitor ds siRNA. Then, competitors were added into the binding reaction at 10-, 100-, and 1000-fold excess. After an additional incubation for 30 min, the samples were subjected to 6% native polyacrylamide gel.
Expression and Purification of Recombinant Proteins
For Escherichia coli expression of fusion proteins, recombinant plasmids were transformed into BL21 cell and induced at 0.3 mM isopropyl b-D-1-thiogalactopyranoside (Sigma-Aldrich) in Luria-Bertani medium at 288C for 3 to ;6 h. 6His-and GST-tagged fusion proteins were purified using Ni 2+ -nitriloacetic acid agarose beads (Qiagen) and Glutathione Sepharose 4B (GE Healthcare) by affinity columns, respectively, according to the manufacturer's instructions.
Plant Total Protein Extraction, Antibody Preparation, and Immunoblots
Total plant protein extraction and immunoblotting were performed as described previously (Ying et al., 2010) . SD2b polyclonal antiserum was prepared as previously described (Hou et al., 2011) . AGO4 and AGO6 polyclonal antisera were generated by immunizing rabbits with purified His-tagged AGO4 and AGO6 PIWI peptides (see Supplemental Methods 1 online). Total protein extracts were resolved on 12% polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (GE Healthcare). The membranes were blotted with the primary antibody a-Myc (9E10) (Santa Cruz Biotechnology) at a dilution of 1/1000; a-Flag (SigmaAldrich), His, GST, and GFP antibodies (Abmart) at 1/5000; and SD2b, AGO4, and AGO6 polyclonal antisera at 1/1000. After incubation with HRP-labeled secondary antibody (Abmart), the membrane was detected with Pierce ECL Western Blotting Substrate (Thermo Scientific).
In Vitro Pull-Down Assays
For SD2b and NLS mutant protein pull-down assays, 10 nmol of purified GST-tagged proteins was added into total protein extracts from inflorescences of 6myc-AGO1 and 6myc-AGO4 transgenic plants (0.5 g starting material for each sample). Forty microliters of anti-a-myc Agarose was then added, followed by overnight incubation at 48C. After six vigorous washes, the immunoprecipitates were resuspended with loading buffer and denatured. The input and pulled-down proteins were detected by immunoblots using anti-GST antibody. The immunoprecipitated 6myc-AGO1 and 6myc-AGO4 was confirmed by anti-a-myc antibody immunoblots.
For SD2b deletion mutant pull-down assays, purified fusion proteins were incubated with 40 mL Glutathione Sepharose beads in PBS for 1 h rotating at room temperature. After three washes with PBS, the beads were then incubated with total protein extracts from inflorescences of 6myc-AGO1 and 6myc-AGO4 transgenic plants in immunoprecipitation buffer for 4 h at room temperature. Four washes followed and then the beads were resuspended with loading buffer and denatured protein complexes were detected as described above using anti-a-myc antibody.
In Vivo Coimmunoprecipitation
Coimmunoprecipitation was performed as previously reported (Azevedo et al., 2010) with minor modifications. Aerial tissues from wild-type and transgenic Arabidopsis (6myc-SD2b, 6myc-AGO4, and 6myc-AGO6) were homogenized in immunoprecipitation buffer. After centrifugation and filtration with a 0.45 mm filter, the clarified lysate was incubated with anti-myc agarose beads (Abmart) or anti-Flag M2 agarose beads (Sigma-Aldrich), and the complex was washed five times with immunoprecipitation buffer. The immunoprecipitates were denatured and subjected to immunoblot using corresponding antibodies.
AGO Slicer Activity
AGO1 Slicer assays were performed according to previous reports (Baumberger and Baulcombe, 2005; Qi et al., 2006; Zhang et al., 2006) with minor modifications. In brief, PHV mRNA was synthesized using an in vitro transcription kit (mMESSAGE mMACHINE T7; Ambion). After purification, mRNA was G-capped with [a-32 P]GTP (3000 Ci/mmol; PerkinElmer) using Guanylyltransferase recombinant solution (Wako). After RNA purification with Quick Spin columns (Roche), the labeled mRNA was resuspended in 50 mL of RISC buffer. Immunoprecipitation of Flag-AGO1 was performed as described above with inflorescences of Flag-AGO1/ ago1-36 and wild-type plants using a-FLAG M2 agarose beads. After two
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The Plant Cell washes, Flag-AGO1 was eluted with 33Flag peptide solution (SigmaAldrich; 250 mg/mL, 100 mL for 1 g of starting material). Twenty microliters of the eluate was incubated with 5 nmol of suppressor proteins for 3 h at 48C. Two microliters of 32 P-cap-labeled transcript substrate solution containing 0.25 mL of RNasin and 1 mL of 20 mM ATP was immediately added. After 3 h incubation at 258C, RNA was recovered with Trizol reagent and separated on 8 M urea/5% polyacrylamide gels. The signals were detected via exposure to a storage phosphor screen (GE Healthcare).
Virus Inoculation and Transient Expression
Four-week-old Arabidopsis plants were inoculated with freshly prepared sap from wild-type SD-CMV-infected N. benthamiana leaves by rubbing mechanically. For suppressor activity assays, 5-week-old N. benthamiana leaves were infiltrated with culture of Agrobacterium tumefaciens EHA105 carrying 35S-GFP and SD2b or its mutant plasmids, and 35S-P19 and empty vector pBI121-GUS were coinfiltrated as control. The concentration of each culture was adjusted to OD 600 0.5.
Subcellular Localization Assays
For SD2b subcellular localization assays, pBI221-SD2b-EGFP and pBI221-EGFP were bombarded into 3-week-old Arabidopsis leaf epidermal cells for transient expression. After 16 to 24 h culture on Murashige and Skoog medium in the dark, leaves were mounted on slides and visualized using a fluorescence microscope (Leica TCS SP5 II). Subcellular colocalization assays for SD2b and SD2b-derivative mutants were performed by infiltrating binary plasmids of pBI121 and pGDR vectors carrying related fragments into 5-week-old N. benthamiana leaves, which were maintained for 3 d at 258C (16 h light/8 h dark). The nuclei were stained with 100 ng/mL 49,6-diamidino-2-phenylindole (DAPI) for 10 min before confocal microscopy. Confocal fluorescence of GFP, RFP, and DAPI were captured with Leica TCS SP5 II confocal microscopes, and images were processed with Adobe Photoshop software (Adobe Systems).
DNA Bisulphite Sequencing Analysis
For bisulphite sequencing, 2 mg of Arabidopsis (Col-0) genomic DNA was digested with EcoRI and XhoI and used for bisulfate treatment using the EpiTect Bisulfite kit (Qiagen) according to handbook. The purified bisulphite-treated DNA was amplified by SN1-and MEA-ISR-specific primer pairs designed as previously described (Zilberman et al., 2003) (see Supplemental Table 2 online). PCR products were ligated into pGEM-Teasy, and nine to 19 individual clones were sequenced. The cytosine methylation analysis was performed via the CyMATE program (http://www.gmi.oeaw.ac.at/en/cymate-index/).
Quantitative RT-PCR
RT-PCR was performed as previously described (Gao et al., 2010 ) using M-MLV reverse transcriptase (Takara). cDNA was then subject to quantitative PCR using SN1-specific primers to amplify a 242-bp fragment with 25 thermal cycles. PCR reactions without reverse transcription were performed as controls to rule out DNA contamination. Three biological replicates were performed. SN1 expression was quantified at the logarithmic phase using the expression of the Actin housekeeping gene as an internal control. The primers are listed in Supplemental Table 2 online.
Accession Numbers
Sequence data from this article can be found in the GenBank database under the following accession numbers: At-AGO1 (NM 179453), At-AGO4 (NM 128262), At-AGO6 (128854), SD-CMV 2b (D86330), pBI221 (AF502128), and pCAMBIA1300 (AF234296).
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